Knowing that IUGR is associated with altered placental transport, we aimed to characterize the placental transport of folic acid (FA), thiamine (THIAM), serotonin (5-HT), and 1-methyl-4-phenylpyridinium (MPP ϩ ) in IUGR. 
I
UGR is defined as the failure of a baby to fulfill his or her growth potential in utero (1) and occurs in 4 -7% of births (2) . This condition is associated with an increased risk of perinatal morbidity and mortality (3) and also of developing chronic adult diseases such as cardiovascular disease and glucose intolerance (4) . The notion that IUGR is due to a reduced nutritional supply from the uteroplacental unit (3) poses placental insufficiency as a primary determinant of IUGR.
The aim of this work was to compare the transport function of IUGR and normal placentas. For this, we studied the transport characteristics of several bioactive substances in primary cultured human cytotrophoblasts isolated from IUGR placentas (GRTB cells) and from normal placentas (NTB cells). The bioactive substances studied were the group B vitamins, folic acid (FA), and thiamine (THIAM), and the two organic cations, serotonin (5-HT) and 1-methyl-4-phenylpyridinium (MPP ϩ ). Furthermore, we compared the mRNA expression profile of several membrane carriers associated with the transport of these substances, in IUGR and normal placentas.
FA and THIAM are essential micronutrients for normal cellular functions, growth, and development and thus for pregnancy success. Indeed, FA deficiency during pregnancy is associated with low birth weight, increased risk of spontaneous abortion, and neural tube defects (5, 6) , THIAM severe deficiency during pregnancy results in reduced fetal growth, congenital malformations, and fetal death (6) , and supplementation with FA during the periconceptional period reduces the incidence of low birth weight newborns and neural tube defects (5) . For these reasons, the study of FA and THIAM placental transport is of major importance.
5-HT acts as a vasoconstrictor and has been implicated in the regulation of blood flow in the uteroplacental circulation (7) . Finally, the low molecular weight organic cation MPP ϩ is considered a good model organic cation because, first, it is a very good substrate of many distinct transmembrane transporters of organic cations (see Ref. 8 for review), and second, because it is not subjected to metabolism (9) . Because knowledge on placental transport of organic cations is very scarce, we decided to investigate also 5-HT and MPP ϩ placental transport.
Placental alkaline phosphatase (PALP, EC 3.1.3.1) is a heat-stable ecto-isoenzyme, which is expressed at high levels in placental trophoblasts (10) . Its expression starts around the seventh week of pregnancy and steadily increases with duration of gestation (10) , suggesting that it may be physiologically important. Alkaline phosphatase (ALP) isoenzymes have been suggested to modulate several membrane transport systems at several tissue levels (11) . Indeed, protein kinases and phosphatases are involved in the reversible control of cellular phosphorylation processes, which are critical in the regulation of protein activity. Therefore, in an attempt to unravel a putative role of PALP on the modulation of placental transport, we characterized an ecto-PALP activity in NTB cells and compared it with the ecto-PALP of GRTB cells.
Our results show that GRTB cells have a higher capacity to  transport   3   H-FA,   3   H-THIAM,   3   H-5-HT, and   3 H-MPP ϩ , when compared to NTB cells, probably due to an up-regulation of transporter gene expression, suggesting that the IUGR placenta dynamically compensates for its own weakness.
MATERIALS AND METHODS
Collection of human placentas. Collection and processing of human placentas were approved by the Ethical Committee of Hospital S. João, Porto. Human placentas were obtained at the Department of Obstetrics and Gynaecology of Hospital S. João, Porto, from uncomplicated (control, n ϭ 11) and IUGR (n ϭ 5) term pregnancies (37-40 wk), within half an hour after spontaneous delivery or elective caesarean section. Control placentas represented normal pregnancies with no associated maternal or fetal pathology and were collected at random. The IUGR placentas were not associated with other maternal or fetal pathology. The antepartum diagnosis of IUGR was based on ultrasonographic criteria. The diagnosis was confirmed if the birthweight was lower than the 10th percentile for gestational age, which was accurately calculated by fetal measurement on the ultrasonographic examination performed between the 11th and the 14th week of gestation. IUGR pregnancies were surveilled in our hospital and a decreased growth velocity was observed, with departure from the growth curve. All deliveries were programmed and occurred at term. Selected clinical data for normal or IUGR study groups are given in Table 1 .
Primary culture of human cytotrophoblasts. Villous cytotrophoblasts (TB cells) corresponding to control or IUGR pregnancies (NTB and GRTB cells, respectively) were isolated using a modification of the technique described by Kliman (12) , as previously described by Keating et al. (13) . After 72 h in culture, TB cells aggregate to form syncytial clumps corresponding to syncytiotrophoblasts and were then used for transport experiments.
To evaluate the purity of the TB cell cultures, cells in chamber slides were fixed with 4% paraformaldehyde and immunolabeled with anti-vimentin and anti-cytokeratin antibodies. Ninety-five percent of the cells were cytokeratinpositive (thus corresponding to epithelial TB cells).
In vitro experiments. The transport experiments and the ecto-ALP assays were performed in buffer containing 125 mM NaCl, 4.8 mM KCl, 1.2 mM KH 2 PO 4 , 12.5 mM HEPES-NaOH, 12.5 mM MES, 1.2 mM MgSO 4 , 1.2 mM CaCl 2 , and 5.6 mM D(ϩ)glucose, pH 7.5 and 7.8 (unless otherwise stated), respectively.
When tested, drugs were present during both the preincubation and incubation periods. Controls for the drugs were run in the presence of the respective solvent, which was present in a final concentration of 1% in the buffer.
Transport studies were performed as previously described (14) . Incubation periods were 6 min for 3 H-FA, 3 H-5-HT, and 3 H-MPP ϩ , or 3 min for 3 H-THIAM, unless otherwise stated. In time course experiments, 3 H-FA was used at 10 nM.
Ecto-ALP assays were performed on cells grown for 96 h. The ecto-ALP reaction was carried out, after a 30-min preincubation period, with 2.5 mM pNPP, except in the kinetic experiments (as indicated) and 1 mM MgCl 2 . After 60 min of incubation, the reaction was stopped by adding ice-cold NaOH (0.02 M). The amount of pNP released from pNPP, reflecting ecto-ALP activity, was measured at 405 nm (adapted from Ref. 15) .
RNA extraction and real-time quantitative RT-PCR. Total RNA was extracted from NTB cells or placental villous tissue using the Tripure isolation reagent, according to manufacturer's instructions (Roche Diagnostics, Germany).
Before cDNA synthesis, total RNA was treated with DNase I (Invitrogen Corporation, CA) and 0.5 g of resulting DNA-free RNA was reverse transcribed using Superscript Reverse Transcriptase II and random hexamer primers (Invitrogen Corporation, CA) in 20 L of final reaction volume, according to manufacturer's instructions. Resulting cDNA was treated with RNase H (Invitrogen Corporation, CA) to degrade unreacted RNA. For the real-time quantitative PCR (qRT-PCR), 2 L of the 20 L reverse transcription reaction mixture was used. For the calibration curve, placental standard cDNA was diluted in five different concentrations.
Real-time PCR was carried out using a LightCycler (Roche, Nutley, NJ). Twenty microliter reactions were set up in microcapillary tubes using 0.5 M of each primer and 4 L of SYBR Green master mix (LightCycler FastStart DNA MasterPlus SYBR Green I, Roche). Cycling conditions were as follows: denaturation (95°C for 5 min), amplification and quantification [95°C for 10 s, annealing temperature (AT) for 10 s, and 72°C for 10 s, with a single fluorescence measurement at the end of the 72°C for 10 s segment] repeated 40 times, a melting curve program [(AT ϩ 10)°C for 15 s and 95°C with a heating rate of 0.1°C/s and continuous fluorescence measurement], and a cooling step to 40°C. ATs, sequence of primers, primer position, and PCR product length are indicated in Table 2 . Data were analyzed using LightCycler analysis software.
Immunodetection of ALP isozymes (dot-blot assay). The detection of ALP isozyme proteins in cellular lysates of NTB cells was performed in Hybond nitrocellulose membranes using anti-TNSALP and anti-PALP antibodies. Immunodetection was accomplished with enhanced chemiluminiscence using the ECL kit.
Protein determination. The protein content of cell monolayers was determined as described by Bradford (16) , using BSA as standard.
Calculations and statistics. For the analysis of the time course of 3 H-FA transport, the parameters of eq 1 were fitted to the experimental data by a nonlinear regression analysis, using a computer-assisted method (17) .
where A(t) represents the accumulation of substrate at time t, k in and k out the rate constants for inward and outward transport, respectively, and t the incubation time. A max is defined as the accumulation at steady-state (t3ϱ).
. For the analysis of the saturation curve of either uptake of radioactive substrates or ecto-ALP activity, the parameters of the Michaelis-Menten equation were fitted to the experimental data by a nonlinear regression analysis, using a computer-assisted method (17) .
Arithmetic means are given with SEM. Statistical significance of the difference between various groups was evaluated by one-way ANOVA test followed by the Bonferroni test. For comparison between two groups, t test was used. Differences were considered to be significant when p Ͻ 0.05. H-MPP ϩ uptake at increasing substrate concentrations, both in NTB and GRTB cells (Fig. 1) . Kinetic parameters of each saturation curve are shown in Table 3 . Curiously, the V max values for all the substrates tested were 1.5-2 times higher in GRTB cells than in NTB (these differences were statistically significant for all substances except for THIAM). With respect to affinity, the K m of 3 H-THIAM uptake was 2 times lower, and that of 3 H-MPP (Fig. 2) allowed the determination of values of the steady-state accumulation (A max , 0.65 Ϯ 0.03, n ϭ 9, and 0.78 Ϯ 0.03, n ϭ 5, for NTB and GRTB cells, respectively), the rate constant of inward transport (k in , 7.16 Ϯ 0.79, n ϭ 9, and 22.21 Ϯ 3.80, n ϭ 5, for NTB and GRTB cells, respectively), and the rate constant of outward transport (k out , 0.11 Ϯ 0.02, n ϭ 9, and 0.28 Ϯ 0.05, n ϭ 5, for NTB and GRTB cells, respectively). Both the k in and the k out were significantly higher in GRTB than in NTB cells. Specifically, an amount of NTB cells corresponding to 1 mg of cell protein cleared 7.16 L incubation medium of Ecto-ALP activity in NTB cells: dependence on culture time and on extracellular pH. Ecto-ALP activity was quantified in NTB cells cultivated for various periods of time. Ecto-ALP activity increased for up to 2 d of culture and thereafter remained unchanged for up to 4 d of culture (Fig.  3A) . L-phenylalanine (PHE; 2 mM), an inhibitor of the placental isoenzyme of ALP (PALP), inhibited ecto-ALP activity from culture d 2-4. Unexpectedly, levamisole (LEV; 1 mM), an inhibitor of the tissue nonspecific isoenzyme of ALP (TNSALP), also reduced ecto-ALP activity from culture day 1-4. Nevertheless, the ratio of inhibition in the presence of PHE or LEV (PHE/LEV) remained unchanged with culture time (Fig. 3A) , indicating that the type of ecto-ALP present does not seem to change. On the basis of this information, for practical reasons, ecto-ALP assays were performed in cells cultivated for 4 d.
Materials

RESULTS
Kinetics
Not surprisingly, ecto-ALP activity was found to be pHdependent (Fig. 3B) , reaching its maximum at pH 9.0. In addition, PHE 2 mM inhibited ALP activity from pH 7.8 to 9.0. Cell viability was not compromised when cells were exposed to increasing pH values (up to 9.0; data not shown). Therefore, in subsequent experiments, ecto-ALP activity was determined at pH 7.8, which is a pH not very different from the physiologic pH and at which the enzyme activity can be easily measured.
In these series of experiments, we studied the variation of ecto-ALP activity with increasing substrate concentrations (pNPP, 0.1-10 mM), both in NTB and GRTB cells (Fig. 4) . Ecto-ALP activity was found to be saturable in both cell types. Interestingly, V max value of ecto-ALP activity in NTB cells was higher, and K m value lower, than in GRTB cells.
ALP isoenzyme detection. The finding that ecto-ALP activity was inhibited by LEV led us to investigate the presence of TNSALP in NTB cells. Therefore, we performed RT-PCR with total RNA from NTB cells and dot-blot assay with NTB cell lysates. NTB cells expressed PALP, but not TNSALP mRNA (data not shown). This result was confirmed by immunodetection of both isoenzymes: NTB cells were positive for PALP but negative for TNSALP (Fig. 5) .
Quantification of mRNA expression in normal and growth-restricted placentas. To understand whether the observed increase in transport activity in GRTB cells was due to an increase in the transcription of membrane transporters in IUGR placentas, we quantified the mRNA levels of several transporters in normal (control, NP) and growth-restricted (GRP) placental villous tissue, by qRT-PCR. The genes encoding the following transporters were quantified: the reduced folate carrier (RFC1), the folate receptor alpha (FR␣), and the proton-coupled folate transporter (PCFT), which are known to be involved in FA placental transport (14, 18, 19) ; the THIAM transporter type 1 (ThTr1) (20) , which is thought to be involved in THIAM placental transport; the serotonin transporter (SERT), which has been suggested to participate in THIAM (21) and MPP ϩ (8) transport in BeWo and JAR cells, respectively, and is known to be involved in the placental uptake of 5-HT (22); and the organic cation transporter type 3 (OCT3), which is known to be involved in MPP ϩ transport in human placental basal membrane vesicles (23) . Because we also investigated a putative involvement of PALP in placental transport, we also quantified the expression levels of PALP in both NP and GRP.
As shown in Fig. 6 , a generalized (although not statistically significant) increase in the mRNA levels of all the studied genes in GR placentas relative to normal controls was observed.
DISCUSSION
The aim of this work was to compare the transport characteristics of several bioactive substances (the vitamins FA and THIAM, and the organic cations 5-HT and MPP ϩ ) in primary cultured human cytotrophoblasts isolated from IUGR (GRTB cells) and control placentas (NTB cells).
Human primary cultured cytotrophoblasts (TB cells) are recognized as a suitable cell model to study human placental transport and function (24) because villous cytotrophoblast cells in culture spontaneously differentiate into a functional and polarized syncytiotrophoblast-like structure that resembles the in vivo syncytiotrophoblast (25, 26) .
From the kinetic analysis, we conclude that GRTB cells have a higher transport capacity (higher V max ) both for the vitamins and for the organic cations tested, when compared with NTB cells. Moreover, we observed that GRTB cells take up 3 H-THIAM with greater affinity (lower K m ) than NTB cells. The time course analysis of 3 H-FA uptake reinforces the kinetic results, demonstrating that GRTB cells are indeed more efficient in taking up and accumulating this vitamin, when compared with their normal counterparts.
To our knowledge, this is the first report showing changes in transport of FA, THIAM, 5-HT, and MPP ϩ in IUGR. Given the physiologic importance of these particular substances in pregnancy (FA and THIAM as obligatory vitamins for fetal development, 5-HT as a placental vasoconstrictor, and MPP ϩ as a model for organic cation), the results of this study are with no doubt important.
IUGR has already been shown to be associated with altered placental transport of some substances (3) . In that context, it has been hypothesized that down-regulation of placental transporters in IUGR may correspond to a primary event or cause in the onset of this pathology and that the up-regulation may be secondary or compensatory for growth restriction (3). Our results are in perfect agreement with this hypothesis. Indeed, we here detect a higher transport activity in GRTB cells for all the bioactive substances tested, when compared with NTB cells (for 3 H-THIAM, this increase was evident although statistically not significant), and we suggest that this compensation in activity may result from an up-regulation in transporter gene expression.
We also characterized an ecto-PALP activity in NTB cells and compared it with the ecto-PALP assayed in GRTB cells. We demonstrated for the first time an ecto-ALP activity in this cell model. This activity was shown to be inhibited by PHE, but unexpectedly, it was more potently inhibited by LEV, an inhibitor of TNS-ALP. However, NTB cells do not express TNS-ALP. Therefore, it seems that LEV inhibits PALP. More- over, we verified that the enzyme activity is saturable and has a K m value identical to that found for the purified form of PALP (27) . This observation, together with the results from the characterization described above, reinforces the idea that the ecto-ALP activity detected in this study is indeed due to PALP.
Quantification of ecto-ALP activity in GRTB cells showed that it is reduced and has a lower affinity for the substrate when compared with NTB cells. This finding is in strong agreement with the observation that serum levels of PALP are lowered in pregnancies complicated by IUGR (28) and may result from a reduced villous surface area seen in growthrestricted placentas (29) . Reinforcing this association is the demonstration by Calhau et al. (11) that there is a positive correlation between ALP activity and the extent of exchange surfaces.
We observed, by qRT-PCR analysis, that PALP mRNA levels are increased in GRP when compared with NP. Although this finding may seem unexpected, it is in agreement with the increased differentiation observed by Newhouse et al. (30) in IUGR trophoblast cultures. The disparity between ecto-PALP activity and mRNA levels suggests that there may be an increased transcription of PALP in IUGR, but a defective translation or inefficient recycling of the enzyme to the cell surface. Indeed, PALP is an ecto-enzyme, which is subjected to recycling between intracellular compartments and the cell surface (15) .
In conclusion, our results show that GRTB cells have higher capacity to transport Our results also show that GRTB cells have lower ecto-PALP activity when compared with NTB cells; further work aimed at studying a putative involvement of ecto-PALP on the modulation of placental transport, as demonstrated for other ALP isoenzymes, is therefore warranted (11) .
